Abstract. The scintillation spectra, excited by 32P , 3 radiation, and the photofluorescence spectra, excited by ultra-violet radiation, of solutions of TF, PPO, POPOP, DPA and pyrene in toluene and other aromatic solvents have been observed under similar conditions. All the spectra are found to be independent of the mode of excitation, within the experimental error. The influences of dissolved oxygen and of excimer formation on the observed spectra are considered.
Introduction
Birks, Geake and Lumb (1963) have observed the fluorescence spectra of toluene solutions of seven efficient scintillator solutes (TP, QP, TPB, DPH, DPA, PPO and POPOP) using ultra-violet radiation for excitation. In discussing the application of these results to organic scintillators, it was implicitly assumed that the photofluorescence spectrum excited by ultra-violet radiation is identical with the scintillation spectrum excited by ionizing radiation. Although this assumption for organic scintillators is in accordance with accepted practice and, indeed, forms one of the basic postulates of the theory of the scintillation process in such systems (Birks 1962) , any adequate direct experimental verification appears to be lacking. The question is not a trivial one, since the emission spectra of thallium-activated sodium and caesium iodides and other inorganic scintillators have been observed to depend markedly on the mode of excitation (Van Sciver 1955 unpublished, quoted by Mott and Sutton 1958, Gwin and Murray 1963). The present experiments were therefore designed to observe under similar conditions the scintillation and photofluorescence spectra of several typical organic solutions.
Experimental
The solvents were benzene (spectroscopic grade), toluene (sulphur-free), p-xylene (pure, supplied by Eastman-Kodak Ltd.) and mesitylene (puriss.) (supplied by Aldrich Chemical CO.). The solutes were p-terphenyl (TP), 2,5 diphenyloxazole (PPO), 9,lO diphenylanthracene (DPA), 2,2'-p-phenylene-bis-(5-phenyloxazole) (POPOP) (supplied by Nuclear Enterprises (G.B.) Ltd.) and pyrene (supplied by Riitgerswerke A.G.).
The specimen solution of 3 to 5 ml. volume was mounted in a 2.5 cm diameter, 2 cm deep cylindrical Spectrosil cell over the horizontal entrance aperture of the spectrophotometer, and its fluorescence was excited either by / 3 radiation from a 32P source or by ultraviolet radiation from a mercury lamp. The experimental arrangement for the 32P excitation is shown in figure l(a) . The 3 T source of approximately 1.4 mc initial activity, mounted at the centre of a fused silica disk and protected by a 1 * 7 mg cm-2 Mylar film, was supplied by the Radiochemical Centre, Amersham. A thin (-15 mg cm-*) aluminium foil was introduced below the Mylar f i l m to eliminate the weak luminescence initially observed from the source and Mylar film, and the complete source assembly was placed on top of the specimen cell. For the ultra-violet excitation the 32P source assembly (A-D) was replaced by a plain fused silica disk and the surface of the solution was irradiated with light from a low-pressure mercury lamp, passed through a Chance OX7 filter and a saturated aqueous solution of cobalt sulphate and nickel sulphate.
A detailed description of the spectrophotometer has been given by Geake and Lumb (to be published). It is an f/9 Ebert-type grating monochromator with a photomultiplier detector, the output of which is amplified and fed to a pen recorder. The spectrum is scanned automatically at a rate of 8 K sec-l by tilting the grating synchronously with the recorder chart drive. The instrument has a dispersion of about 8 A mm-1 in the first order. Because of the low intensity of the scintillation emission, circular entrance and exit apertures of either 1 cm (PPO and POPOP solutions) or 2 cm (TP, DPA and pyrene solutions) diameter were used, giving spectral resolutions of 80 A and 160 b respectively. An EM1 6256 B photomultiplier was used with the 1 cm apertures, and an EM1 6255 S photomultiplier with the 2 cm apertures. Normally a glass filter was placed between the specimen cell and the entrance aperture to minimize the effect of scattered ultra-violet radiation. The filter was only omitted in the measurements on the TP solutions, to avoid attenuation of the emission at shorter wavelengths.
Most of the observations were made on solutions containing dissolved oxygen. TOwards the end of the series of measurements (which were completed in a week because of the short radioactive half-life of the 32P source) the device shown in figure l(b) was introduced, by which a stream of nitrogen ('white spot' grade) could be bubbled through the solution to eliminate dissolved oxygen. This was used in the observations on DPA and pyrene solutions.
All spectra for a given specimen were recorded on the same chart to facilitate comparison. The scintillation spectrum was scanned at a detector gain sufficiently high to give an appreciable signal. Typical values of the photomultiplier e.h.t. and the amplifier gain were 1.36 kv and lo6 respectively. The scintillation spectrum was scanned twice to assist in averaging out the statistical fluctuations in the signal. In recording the photofluorescence spectrum, the detector gain was reduced by a factor of approximately 2 x lo3 to compensate for the increased fluorescence intensity, and it was adjusted to equalize the signal to that of the recorded scintillation spectrum, Thus the photofluorescence spectrum was recorded as a smooth trace superimposed on the less regular traces of the scintillation spectrum.
Results
The solutions studied are listed in the In all cases the scintillation and photofluorescence spectra were observed to be identical within the experimental error. Typical spectra are reproduced in figures 2-6. The smooth
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Figure 2. PPO in toluene M).
i (i) Figure 3 . PPO in toluene (3 gl-1). 'Blank' trace: pure toluene excited by 32P B radiation.
traces correspond to the photofluorescecce spectra and the irregular traces to the scintillation spectra. Observations were also made on the pure solvents excited by the 32p p radiation. No emission was observed at wavelength > 3200 .A: a typical 'blank' solvent trace is shown in figure 3 . Scintillation emission spectra of the pure solvents in the absence
Figure 4. PPO in toluene (50 g 1-l). Figure 5 . DPA in toluene (IO-3 M). Lower curves: containing dissolved oxygen; upper curves: without dissolved oxygen.
of oxygen were observed at shorter wavelengths, but a detailed study of these has been deferred. The recorded spectra are uncorrected for the spectral response of the instrument, although the latter was calibrated at each resolution with a tungsten lamp of known colour tem-perature. The calibration curves are not reproduced because corrected photofluorescence spectra of superior resolution are already available for each of the solutes studied Lumb 1963, Birks and Christophorou 1963) : and the present results indicate that the scintillation spectra are identical to these. Figure 6 . Pyrene in toluene M), without dissolved oxygen.
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Discussion
The incident ionizing or ultra-violet radiation is mainly absorbed by the solvent molecules and the solute molecules are excited by solvent-solute energy transfer. The results con6rm that the solute emission spectrum is independent of the mode of excitation of the solvent.
The spectra of the PPO solutions at the three concentrations (figures 2, 3 and 4) were recorded at similar detector gains and can thus be directly compared. The spectral intensity initially increases with concentration c due to the increased efficiency of solventsolute energy transfer up to the optimum concentration co -3 g I-I, and it then decreases due to concentration quenching at higher c. In PPO the concentration quenching is accompanied by the appearance of an excimer fluorescence band at X > 4100 h (Berlman 1961) and this can be clearly seen from a comparison of figure 3 (c = 3 g1-I) and figure 4 (c = 50 g 1-I). The other effect of the increase of c is the increased self-absorption which attenuates the emission at the shorter wavelengths.
The spectra of the DPA solutions with and without dissolved oxygen were recorded on the same chart (figure 5), and with the same detector gain for the two scintillation spectra. The spectral intensity is increased by a factor of 1.8 by the elimination of dissolved oxygen, but the shape of the spectrum appears to be unchanged.
The short-wave band in the pyrene solution spectra (figure 6) is the monomer emission (its vibrational structure is not resolved) and the broad structureless long-wave band is the excimer emission (Birks and Christophorou 1963) . The identity of the photofiuorescence and scintillation spectra indicates a common mode of excitation of the pyrene monomer-excimer system, namely that the pyrene monomers are excited by energy transfer from the solvent and the excimers are formed subsequently by collisional interaction.
